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Remote Sensing of Tamarisk Biomass, Insect
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the Grand Canyon Region, Arizona
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Abstract

Tamarisk is an invasive, riparian shrub species in the south-
western USA. The northern tamarisk beetle (Diorhabda carinu-
lata) has been introduced to several states to control tamarisk.
We classified tamarisk distribution in the Glen Canyon National
Recreation Area, Arizona using 0.2 m resolution, airborne mul-
tispectral data and estimated tamarisk beetle effects (overall
accuracy of 86 percent) leading to leaf defoliation in a 49,408
m? area. We also estimated individual tamarisk tree biomass
and their uncertainties using airborne lidar data (100 points/
m?). On average, total aboveground tamarisk biomass was 8.68
kg/m2 (5D = 17.6). The tamarisk beetle defoliation resulted in

a mean leaf biomass loss of 0.52 kg/m* and an equivalent of
25,692 kg across the entire study area. Our defoliated tamarisk
map and biomass estimates can help inform restoration treat-
ments to reduce tamarisk. Continued monitoring of tamarisk
and tamarisk beetle effects are recommended to understand the
currently-unknown eventual equilibrium between the two spe-
cies and the cascading effects on ecosystem processes.

Introduction
Saltcedar (Tamarix ramosissima), also known as tamarisk, was
originally introduced from Asia to the United States in the
late 1800’s as a decorative tree that provided shade and wind
break, and to prevent soil erosion (Crins, 1989). Tamarisk
eluded the controlled cultivation, and was initially found in
riparian areas close to the cultivation site. By the beginning of
the 20" century, tamarisk was found in almost all of the South-
western riparian areas, where the native woody vegetation
consisted of cottonwood (Populus fremontii), willows (Salix
spp.), and the western honey mesquite (Prosopis glandulosa)
(Infalt, 2005). It was recently estimated to be spreading along
the arid and semi-arid river systems across the western United
States at a rate of 25 km per year (Nagler et al., 2011).
Tamarisk tree has many biological adaptations that enable
its successful invasion in arid ecosystems: (a) it outcompetes
the native flora for water resources using its large tap roots that
reach deeper sources of water (Hart, 2009), (b) tamarisk has a
high germination rate: its small seeds can germinate within 24
hours of dispersal under wet conditions (DiTomaso, 1998), and
(c) it accumulates salt in its leaves, which the tamarisk drops
annually to maintain salty soil unhospitable for many native
species (Ladenburger et al., 2006; Glenn et al., 2012; Ohrtman
et al., 2012; Merritt and Shafroth, 2012). River management
and water cycle alterations including dam construction, flow
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regulation, flow diversion, flood control, and infrastructure for
crop irrigation (DiTomaso, 1998) have further enhanced the
invasive advantages for tamarisk. Many local, state, and fed-
eral agencies have targeted a great deal of management effort
on tamarisk control. Chemical, mechanical, and prescribed
fire control methods have been costly with mixed results
(Jorgensen, 1996; Hultine et al., 2010). A biological control,
known as the northern tamarisk beetle (Diorhabda carinulata
Desbrochers), has been determined to be an effective control
agent (DeLoach et al., 2003; Snyder et al., 2010).

Prior to its introduction, the beetle was carefully consid-
ered for many important parameters (Pattison et al., 2011) to
confirm that it has a narrow host range with impact on the
target species only and is effective in desired climatic condi-
tions (Dudley ef al., 2012). Following many experiments, the
beetle was introduced in 2001 to Colorado, Utah, Wyoming,
Nevada, California, and Texas. The beetle was then intro-
duced to Moab, Utah in 2005, and was not expected to travel
south past 38 degrees North latitude due to temperature limi-
tations (DeLoach et al., 2003) and a dormancy cycle, known
as diapause, associated with day lengths (Bean et al., 2007;
Dudley, 2005). In 2009, however, tamarisk beetle was found
further south than anticipated in the Colorado River ecosys-
tem within the Glen Canyon National Recreation Area and
Grand Canyon National Park. Since then, the tamarisk beetle
has spread at a more rapid rate than expected (Nagler et al.,
2014) throughout many reaches of the Colorado River with
visible signs of herbivory on the tamarisk trees.

The tamarisk beetle preys on tamarisk by defoliating the
leaves during the growing season and multiple times per year
(Paxton et al., 2011; Snyder et al., 2010). Each cycle progres-
sively weakens the plant. After several growing seasons of
the repeated cycle, the tree can eventually die due to carbo-
hydrate reserve depletion. The defoliation can happen over a
large land area as the beetle population grows and disperses
across the tamarisk stands (Paxton et al., 2011; Snyder et al.,
2010). The wide range makes ground monitoring of beetle
impact difficult, and often not very accurate. Remote sens-
ing techniques have, therefore, been used to monitor beetle
impacts (Dennison et al., 2009; Nagler et al., 2012; Nagler et
al., 2014; Meng et al., 2012). As tamarisk leaves are defoli-
ated, the leaves turn a noticeable brown-orange color, which
is detectable in the visible and the near infrared spectrum in
remote sensing data (Dennison et al., 2009; Fletcher, 2013;
Meng and Dennison, 2015). Furthermore, the leaf defoliation
and the eventual tree mortality result in substantial decrease
in photosynthetic activity and biomass (Bateman et al., 2015),
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which can be detected in vegetation indices such as the Nor-
malized Difference Vegetation Index (NDVI) (Bateman et al.,
2013; Bateman et al., 2015; Dennison et al., 2009).

Ground-based and remote sensing estimates of tamarisk and
beetle effects on tamarisk along the Colorado River in Glen and
Grand Canyons are particularly important given the significance
of the National Park Service Units and the unique land manage-
ment effects of the tamarisk within the canyons (Cross et al.,
2011). Tamarisk is found in much of the riparian habitat along
the Colorado River in the Grand Canyon with substantial im-
pacts on wildlife and ecosystem services (Dennison et al., 2009).
The expansion of tamarisk on the floodplain has negatively
impacted recreational activities, in particular camping, fishing,
and boating along river beaches and sandbars (Penny, 1991).

We present here a remote sensing approach to mapping
and monitoring total aboveground tamarisk biomass at the
individual tree level across a large spatial extent. We further
demonstrate the approach in estimating only the green leaf
biomass portions of the individual trees which can be affected
by tamarisk beetle herbivory and defoliate. This approach can
be similarly used to monitor biomass of other tree species that
can be affected by phenological events such as green-up and
leaf-out phases as well as annual leaf defoliation, and her-
bivory. Tamarisk biomass measurements are important for in-
vasive species management because they are used in planning
restoration treatment activities such as mechanical removal
and prescribed fire, and in estimates of ecosystem productiv-
ity, leaf area, and nutrient cycling (Evangelista et al., 2007;
Hultine ef al., 2010a and 2010b). Estimating tree biomass is
always a challenge in any environment, especially across

large areas. Commonly used, ground-based methods include
destructive sampling or complete harvesting and allometric
models of tree structural characteristics (e.g., diameter, height,
and canopy area). Our approach leverages the combination

of airborne, high point-density lidar data and airborne, high
spatial resolution multitemporal, multispectral imagery. The
hypothesis of this study is that the unique combination of
these data would provide accurate and efficient estimates of
tamarisk biomass and tamarisk beetle effects. The objectives
of this study are to:

1. Develop a remote sensing method to estimate total
aboveground tamarisk biomass as well as leaf-only
tamarisk biomass using lidar and existing allometric
relationships,

2. Demonstrate how the fusion of lidar and multitempo-
ral, multispectral imagery can be used to monitor the
effects of green leaf biomass defoliation,

3. Quantify the uncertainties associated with the above
estimates in a robust manner that accounts for each
of the key sources of uncertainty in riparian biomass
estimates.

Methods
Study Area

Our study area spans the Colorado River within the Glen
Canyon National Recreation Area which is just upstream of
Grand Canyon National Park, Arizona (Plate 1). This section
of the Colorado River spans 24 km between the Glen Canyon

Elevation
High 1,448 M

- Low: 929 M

defoliated tamarisk (D) within the region.

Glen Canyon Dam

Plate 1. The study area and major landmarks within the Grand Canyon region, Arizona. The background image is a US Geological Survey
digital elevation model (DEM), which illustrates the topographic variability. The canyon and the Colorado River are shown in the multi-
spectral data used in this study. The additional insets are examples of the airborne lidar data (A and B), healthy green tamarisk (C), and
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Dam and Lees Ferry downstream (Plate 1). The canyon rim is
at 300 m, on average, above the river and 1,220 m of eleva-
tion. The average annual temperature is 15.5 °C (National
Park Service, 2014), and mean annual precipitation is less
than 15.2 cm (National Park Service, 2014). Rainfall mostly
occurs during the summer/fall period of the North American
Monsoon season.

The Glen Canyon Dam was completed in spring 1963. As a
result, the Colorado River flow changed from a pattern of sea-
sonal spring snowmelt flood to a pattern of daily disturbance
associated with the regulated flow regime (Topping et al.,
2000) with major implications for riparian vegetation (Sankey
et al., 2015a). The post-dam reduction in flooding allowed
for plant colonization of eddy sandbars and channel-margin
deposits, and the expansion of riparian vegetation including
tamarisk into the pre-dam active channel. Non-tamarisk ripar-
ian species include baccharis (Baccharis spp.), coyote willow
(Salix exigua), common reed (Phragmites australis), western
honey mesquite (Prosopis glandulosa), netleaf hackberry
(Celtis reticulata), grey oak (Quercus turbinella), saltbush
(Atriplex canescens), snakeweed (Gutierrezia sarothrae), and
desert olive (Forestieria neomexicana).

Remote Sensing Data

We use aerial images acquired on 25-26 May in 2009 and
2013, respectively, with an ADS40 SH52 push-broom mul-
tispectral sensor mounted on a fixed-wing airplane (Davis,
2012). The 2009 data were acquired prior to any reported
observations of beetle impacts on tamarisk within the study
area and were, therefore, considered a “pre-beetle” dataset.
The 2013 data were considered “post-beetle.” Each multispec-
tral image included four 12-bit spectral bands: blue (0.430-
0.490 nm), green (0.535-0.585 nm), red (0.610-0.660 nm), and
near-infrared (0.835-0.885 nm) with 20 cm spatial resolution
spanning the entire segment of the river corridor and rim to
rim across the canyon (Plate 1). A single multispectral image
mosaic that spanned the study area was created for 2009 and
2013, respectively (Plate 1).

The lidar data were acquired on 10 July 2013 with a laser
scanner mounted on a helicopter flying at approximately 200
m altitude above the river floodplain (Collins et al., 2014).
The lidar point cloud data (Plate 1) had an average density of
100 points/m* with total absolute horizontal and vertical error
of 8 and 5 cm, respectively (Collins et al., 2014).

Mapping Foliated and Defoliated Tamarisk with Multispectral Imagery
We first classified tamarisk that were vigorous and green (foli-
ated) in 2009, but less so (defoliated) in 2013. To do this, we
classified the 2009 multispectral imagery with the Mahalano-
bis Distance method in ENVI software (ENVI Version 4.8, ITT
Industries Inc., 2010, Boulder, Colorado). The classification
was calibrated with 1,500 training pixels and validated with
another 1,500 pixels. The training and validation pixels were
generated from 66 and 33 field-mapped tamarisk polygons,
respectively, which were randomly designated as training

or validation polygons. The tamarisk polygons were located
and mapped in the field using large scale maps at a ratio of
1:756. The validation results indicated 79 percent overall ac-
curacy (user’s and producer’s accuracies of 79 percent and 79
percent for tamarisk, respectively). Within the areas classified
as tamarisk, greenness in 2009 was estimated by calculating
the normalized difference vegetation index (NDVI). Changes in
greenness from 2009 and 2013 was then estimated using the
ratio of 2009 NDVI and 2013 NDVL In 2009, pre-beetle tama-
risk trees were still vigorous and expected to have relatively
large NDVI values. A total of 40 individual, vigorous tamarisk
trees within the study area in the 2009 imagery were spec-
trally examined and it was determined that they all had NDvI
>0.35. Furthermore, known tamarisk patches were spectrally

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

examined to confirm that their NDVI values on average were

also >0.35. This site-specific threshold was then used to ex-

tract all pixels in the 2009 classification that had NDVI > 0.35
to represent healthy and vigorous tamarisk.

From 2009 to 2013, the NDVI values for tamarisk stands
were expected to decline substantially due to defoliation by
the tamarisk beetle. The tamarisk in the study area typically
green up in early spring (e.g., March) and shed their leaves
in late fall (e.g., October-November). The time period from
late-May to early-July, when the remote sensing datasets were
acquired, was the season when tamarisk canopies would
typically be flush with green photosynthetically active leaves.
However, while this was clearly the case for the 2009 pre-
beetle data, large stands of tamarisk were obviously defoliated
in the 2013 data. Due to the time of year, the defoliation is
reasonably attributed to tamarisk beetle impacts which could
include recent herbivory in April or May of that year and
could also include derivative effects of herbivory in previous
vears since 2009. The NDVI ratio values between 2009 and
2013 were heuristically examined across the study area and
a site-specific ratio (2009/2013) greater than 1.5 was deter-
mined within obvious areas of defoliation within the 2013
imagery. The ratio was conservatively established in order to
not include tamarisk that were partially defoliated and other
vegetation that had reduced in vigor due to other causes.

In the final map, defoliated tamarisk pixels met three
criteria: (a) classified as tamarisk in the 2009 image with
the Mahalanobis Distance classification, (b) NDVI >0.35 in
2009, and (c) 2009/2013 NDVI ratio greater than 1.5. The
classification and final maps were further constrained to
the previously mapped area of total riparian vegetation (i.e.,
includes all species) (Sankey el al., 2015a; hitps://www.
sciencebase.gov/catalog/item/5575b3c1e4b08f9309d4bafc).
The defoliated tamarisk classification accuracy (Story and
Congalton, 1986) was assessed using a total of 845 tamarisk
points and 763 non-tamarisk points, which were randomly
generated and field-validated in 2014 within tamarisk and
non-tamarisk stands of riparian vegetation located throughout
the study area.

Estimating Tamarisk Biomass with Lidar

Lidar ground returns and vegetation returns in the point
cloud data were first separated using height filtering in ENVI
software (Sankey et al., 2013; Sankey et al., 2015b; https://
beal.boisestate.edu/tools/lidar) and a vegetation canopy
height model was created as a 0.5 m resolution raster. The
subsequent analyses were then constrained to the pixels with
canopy height > 2.9 m to focus on mature tamarisk, following
Evangelista et al. (2007) who used 3 m as a threshold to iden-
tify mature tamarisk in their study and allometric models of
tamarisk biomass. This height threshold excluded immature
tamarisks that occur throughout our study area.

The canopy height model was segmented to delineate
individual tree canopies and stands of merging trees using
the ENVI segmentation tool with a population minimum of
four 0.5 m pixels (equivalent to a minimum canopy diameter
of 1 m). The segmented image was then overlaid with 10 m x
10 m grids, in which each square grid equaled a ground area
of 100 m? following Evangelista et al. (2007) and their field
plot size (100 m?). The total canopy area within each grid was
then calculated by summing the number of pixels with the
segmented tree canopies and multiplying them by the grid
area (Evangelista et al., 2007). The canopy area estimates were
then log-transformed (Evangelista et al., 2007) and stacked
with the maximum vegetation height image.

The resulting two band image was used to estimate average
total aboveground tamarisk biomass (TAGB; kg) per m* area
via the best (lowest Akaike Information Criteria) allometric
regression model among five models published by Evangelista
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et al. (2007):

Log, (TAGB)=-1.1993 + 1.1090 Log, (CA) + (1)
0.8595 (HT) — 0.0927 (HT)*

where CA is the lidar-derived canopy area and HT is the
lidar-derived canopy height. Since the model predicted a
log-transformed TAGB, the resulting single band image was
transformed back to TAGB. Furthermore, the allometric regres-
sion model had a correction factor to take into account a bias
introduced by the log-log regression models (Evangelista et
al., 2007). The predicted TAGB by the model was, therefore,
multiplied by the correction factor of 1.17 (Evangelista et al.,
2007).

Evangelista et al. (2007) determined that on average, 9.3
percent of the TAGB of an individual tamarisk tree is green
foliage. In summer 2013, we sampled 40 tamarisk trees with
evidence of defoliation within our study area, and estimated
that on average 66.5 percent of the individual canopies (+- SE
of 0.5 percent ) were defoliated and the remainder of each
canopy was green and leafed out. The proportion of TAGB that
was green biomass remaining on the canopy was, therefore,
estimated as:

TAGB = 0.335*0.093 *TAGB. (2)

glpresent
The proportion of the green leaf biomass potentially lost
from the canopy due to defoliation was estimated as:

TAGB, .psent = 0.665%0.093*TAGB. (3)

The uncertainties of the TAGB, TAGB ;0 and TAGB 000
estimates were determined using a Monte Carlo simulation
approach adapted from recent forest and woodland remote
sensing studies (Sankey et al., 2013) that accounts for un-
certainties in the remote sensing measurements, allometric
regression equations and related field measurements, and
spatial autocorrelation. A total of 100 realizations were calcu-
lated for each of the following equations with error terms:
TAGB = CF*10ME, ., + Eyyogs, *LI- 11993 +
1.1090*Log, (CA+E_,) + 0.8595 (HT+E,) — (4)
0.0927 (HT+E,)*]

TAGB =[0.35*0.093+E,_ ]*CF*107[E, . +

glpresent AlloReg

E *LI-1.1993 +1.1090*Log, (CA+E,,) + (5)

AlloReg

0.8595 (HT+E,;) — 0.0927 (HT+E,)*]

TAGB,, . =[0.65%0.093+E, ,]*CF*10A[E,, . +
E,n. “LI-1.1993 + 1.1090*Log, (CA+E_,) + (6)
0.8595 (HT+E,,,) — 0.0927 (HT+E,)*]

where CF is the correction factor (1.17) applied after taking
the antilog of TAGB in Evangelista et al. (2007), E,} .. 1S an
error term estimated from the standard error of the allometric
regression equation in Evangelista et al. (2009), LI is the local
Moran’s I of TAGB (estimated without error terms) determined
for a 1-pixel lag, E, is an error term estimated from the stan-
dard error of lidar-derived canopy area estimates (using stan-
dard error values published in Sankey et al., 2013), E, ;. is an
error term estimated from the standard error of lidar-derived
canopy height estimates (using standard error values pub-
lished in Sankey ef al., 2013), E_ is an error term for leaf bio-
mass estimated from the standard error of the percent canopy
defoliation for the trees we sampled. We then produced and
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analyzed maps of the median and standard deviation of the
100 realizations of TAGB (Plate 2), TAGB o rosen: and TAGB,, .,
within those areas of the floodplain classified as defoliated
tamarisk in 2013.

Results

Multispectral Image Classification

The multispectral image-derived classification of defoliated
tamarisk in 2013 had an overall accuracy of 86.1 percent.
Producer’s accuracies were 91.2 percent and 80.6 percent for
defoliated tamarisk and non-tamarisk stands, respectively.
User’s accuracies were 83.9 percent and 89.2 percent, respec-
tively, for these two classes (Table 1). The map classified 24.7
percent of the tamarisk area in Glen Canyon as defoliated
tamarisk, which is equivalent to 49,408 m* area along the
river floodplain.

TasLE 1. AccUrACY ASSESSMENT OF THE DEFOLIATED TAMARISK VERSUS NON-
TAMARISK CLASSIFICATION USING THE MULTISPECTRAL IMAGERY

Reference Data

Classification ~ [ololaied — Nomsk  Total oo
Defoliated tamarisk 771 148 919 84%
Non-tamarisk 74 615 689 89%
Total 845 763 1608
Producer’s accuracy 91% 81%
Overall accuracy 86%

Lidar-derived Tamarisk Biomass

The mean TAGB was 2.17 kg (SD=4.41) per 0.5-m pixel and
8.68 kg/m* (Plate 2). The mean TAGB,,,,,, With the remain-
ing green biomass was 0.07 kg (SD = 0.15) per 0.5 m pixel and
0.28 kg/m* The mean TAGB,,,.., was 0.13 kg (SD = 0.28) per
pixel and 0.52 kg/m?*, which indicated an equivalent of 25,692
kg of tamarisk leaf biomass potentially shed over the entire
area of the river floodplain (Plate 3).

Discussion

Mapping Tamarisk with Multispectral Data
We produced a highly accurate classification map of defoliat-
ed tamarisk along the Colorado River in Glen Canyon National
Recreation Area, Arizona. The riparian study area is located
within a deep, narrow canyon that is world-renown for its
extremely complex topography. As a result, many of the tama-
risk stands are distributed in small patches along the narrow
stretches of riparian floodplain. The small patches in the nar-
row canyon are difficult to detect, especially in dark shadows
that can occur due to the steep canyon walls. Unlike other
areas, satellite data and other common image sources are not
suitable for remote sensing applications along the Colorado
River throughout the Grand Canyon region due to the complex
topography. Furthermore, previous tamarisk remote sens-
ing studies indicate that tamarisk is spectrally challenging to
distinguish from the native vegetation, even when using high
spatial resolution satellite imagery such as AVIRIS (4 m pixel)
and QuickBird (2.5 m pixel) (DiPietro ef al., 2002; Carter et
al., 2009; Hamada et al., 2007; Xun and Wang, 2015). Similar
to other tamarisk remote sensing studies (Anderson et al.,
2005; Hamada et al., 2007; Xun and Wang, 2015), we attribute
much of the success of our classification to the high spatial
resolution (20 cm) of the multispectral data. The accuracies
observed in this study are similar to those found in other
tamarisk studies using hyperspectral image classification in
less complex terrain (Carter et al., 2009; Hamada et al., 2007).
We had the unique opportunity to leverage pre-beetle and
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Total Aboveground Biomass (kg)
Median Standard Deviation

- High: 0.06 - High: 423

Low: @ Low: 0
Elevation
High: 1,448 M Colorado River

- Low: 929 M o

Plate 2. Tamarisk total aboveground biomass (TAGB) within the defoliated tamarisk stands in our study area estimated using fusion of
lidar and multitemporal multispectral data. Insets are examples of the median and standard deviation of TAGB overlaid on the multispec-
tral image at Ferry Swale (Panels A and B, respectively) and Nine-Mile (Panels C and D, respectively) recreation sites within Glen Canyon
National Recreation Area.

110 220

Green Leaf Absent (kg)

Median Standard Deviation . 110 220

- High: 0.06 - High: 423

Low: 0 Low: i

Elevation :
High: 1.448 M Colorado River

- Low: 929 M ik

Plate 3. Tamarisk green leaf biomass potentially lost from the canopy due to defoliation (TAGBg,amm) within the defoliated tamarisk stands in
our study area. Insets are examples of the median and standard deviation of TAGB,,,..., overlaid on the multispectral image at Ferry Swale
(Panels A and B, respectively) and Nine-Mile (Panels C and D, respectively) recreation sites within Glen Canyon National Recreation Area.
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post-beetle multitemporal data in detecting defoliated tama-
risk. Much of the beetle effect monitoring is performed using
expensive and labor-intensive field measurements (Everitt
and Deloach, 1990; Hamada et al., 2007). Similar to previous
tamarisk studies (Dennison et al., 2009; Fletcher, 2013; Nagler
et al., 2012; Snyder et al, 2010), we focused on the expected
decrease in photosynthetic activity, which we approximated
as a 1.5-fold decrease in NDVI at our study site between 2009
and 2013. Consistent with previous tamarisk impact studies
(Bateman et al., 2013; Hultine et al, 2010; Nagler ef al., 2012;
Snyder et al., 2010), our estimates indicate that a large por-
tion of the tamarisk population defoliated along the Colorado
River between the Glen Canyon Dam and Lees Ferry over the
study period. It is important to note that the defoliation is
likely due to a combination of repeat episodes of beetle her-
bivory, as well as annual defoliation that occurs physiologi-
cally irrespective of herbivory.

In a recent review of tamarisk and the beetle interactions,
Nagler and Glenn (2013) highlight that the tamarisk beetle
herbivory is most effective in the initial years following the
beetle arrival and during the population expansion leading
to 50 to 75 percent tamarisk leaf reduction, but the trend can
change within a few more years. Nagler and Glenn (2013)
further indicate that the tamarisk beetle effects are ecosystem-
specific. Our study provides the first spatially-explicit esti-
mate of tamarisk beetle effects in Glen Canyon to our knowl-
edge, which can be used as a benchmark estimate in future
monitoring. Continued monitoring, especially in a unique
ecosystem such as the Glen Canyon and Grand Canyon re-
gion, are essential to efficiently guide restoration management
(Lindenmayer, 1999). Tamarisk and the beetle interactions are
still developing in the western US (Nagler and Glenn, 2013)
and the eventual equilibrium of the two species at the eco-
system level and their cascading trophic effects are currently
unknown (Carter et al., 2009). As these interactions develop
over time, continued remote monitoring of tamarisk and the
beetle distribution can inform adaptive management at the
landscape scale and restoration activities.

Lidar-Derived Estimates of Tamarisk Biomass and Defoliation

We integrated very high spatial resolution lidar data with

the multitemporal, multispectral imagery to estimate several
important components of biomass, and uncertainties therein,
for individual defoliated tamarisk trees throughout the study
area. Our methods, maps, and estimates of tamarisk biomass
provide an important practical tool for land managers, both
in our study area as well as similar riparian systems around
the world. In this and other riparian ecosystems, tamarisk has
invaded and overgrown areas of native riparian vegetation,
which has clogged sandbars and channel margins used by
river runners, fisherman, and other recreationalists (Shafroth
et al., 2005).

In areas of greater mortality due to herbivory, managers are
confronting a fire danger in the dead standing and fallen tama-
risk. The dead standing tamarisk also reduce the aesthetic and
recreational value of the canyon, which is generating even
greater impetus for biomass removal treatments (O’Meara
et al., 2009). Managers working within proposed areas for
tamarisk reduction can use our TAGB estimates and maps to
identify and spatially target the amount of biomass that would
need to be removed either mechanically, or consumed as
fuel in a prescribed fire, or treated with herbicide. Controlled
floods might also be considered as a management tool (Nagler
and Glenn, 2013; O’Meara et al., 2009). In such scenarios, our
TAGB estimates identify areas of high degree of defoliation that
are within the contemporary flood stage and have potential
for tamarisk removal with the use of controlled floods.

In comparison to the previous tamarisk studies using
satellite images and image-derived NDVI and EVI (Dennison
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et al., 2009; Ji and Wang, 2015; 2016; Nagler et al., 2005;
Nagler et al., 2008; Nagler et al., 2014; Meng et al., 2012),

our lidar-derived TAGB estimates with and without the leaves
have much higher spatial resolution and illustrate the local-
scale variability in tamarisk defoliation. This is essential for
targeting restoration activities to spatially-variable conditions
along the river corridor. Previous studies have demonstrated
that the ecological impacts of tamarisk defoliation are site-
specific leading to varied density and population of fauna,
invertebrates, mammals, and birds. Consequently, the US
Department of Agriculture has banned further release of the
biocontrol beetle due to the currently unknown and varying
Tamarisk-Beetle-Avian interactions, in particular concerning
the endangered southwestern willow flycatcher, a riparian-
obligate bird, who has adapted to tamarisk as a replacement
habitat (Nagler and Glenn, 2013). Our high-resolution TAGB
estimate can help understand such relationships and their
spatial variability. Our estimates of TAGB, ;... can also help
understand the implications of defoliation on net evapotrans-
piration, ecosystem carbon, and nutrient cycling.

Tamarisk is known to have high leaf nitrogen (N) content
and higher rates of leaf litter decomposition relative to some
native riparian species (Hultine et al., 2010). Thus, the high N
litter that accumulates due to beetle defoliation could easily
infiltrate into the riparian soil profile, as well as be exported
downstream in the mainstem river flow. Our TAGB,,,,.., meth-
ods, and estimates can be used to estimate potentiai alloc-
thonous inputs into the riparian system using litter, organic
matter, and nutrient fluxes from biomass lost from tree cano-
pies due to defoliation events (Kennedy and Hobbie, 2004;
Kennedy and Ralston, 2012). For example, total aboveground
tamarisk biomass was 8.68 kg/m” (sh = 17.6), on average,
and TAGB,,..: estimates indicate that defoliation by tama-
risk beetle, potentially at a higher frequency than the annual
phenological leaf shedding, resulted in a mean leaf biomass
loss of 0.52 kg/m?* an equivalent of 25,692 kg of tamarisk leaf
biomass shed across the entire study area. In comparison,
Kennedy and Ralston (2012) suggested that mean annual
tamarisk litter production for the Colorado River downstream
of Glen Canyon Dam prior to introduction of the tamarisk
leaf beetle was 0.30 kg/m? (95 percent confidence interval =
0.18-0.42 kg/ m? also see Kennedy and Hobbie, 2004). Litter
chemistry measurements (n = 15) collected several months
after our 2013 imagery and lidar acquisitions indicates that
the tamarisk litter was on average 1.22 percent N (SE = 0.087
percent). While acknowledging that total N is larger than the
amount of available N in tamarisk litter at any given time, we
nonetheless estimate that, within the study area at the time of
the remote sensing data acquisitions, there might have been
as much as 313 kg of N stored in tamarisk leaf litter. Over the
course of decomposition, this N will infiltrate into the flood-
plain soil profile and/or the flow of the river. In this and other
study areas where additional multitemporal datasets can
be acquired strategically to target specific time periods, the
potential differences in allocthonous inputs due to individual
defoliation events associated with insect herbivory or annual
defoliation might be isolated and examined independently.

Conclusions

Using high-resolution multitemporal, multispectral data, we
classified tamarisk defoliation in the Glen Canyon area in
Arizona. The high spatial resolution classification provides
key information to effectively inform restoration treatments
regarding where and how much mechanical removal or
controlled burning could be performed. Furthermore, the
defoliated tamarisk classification can help understand the
site-specific and spatially-variable relationship between
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tamarisk and the tamarisk beetle at this critical stage when
their interactions are still developing and currently unknown.
We suggest continued high-resolution remote monitoring

of the interactions as the eventual equilibrium between the
species and the cascading effects unfold in the region. Our
lidar-derived approach to estimating TAGB with and without
the leaves may provide crucial insight to the cascading effects
of the tamarisk beetle on ecosystem processes, including net
evapotranspiration, C fluxes, and nutrient cycles. Such effects
could be considered before large-scale restoration treatments
are conducted.
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